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ABSTRACT 

The reaction of H2 with 0 in the absence of O2 was studied in the 

temperature range 400' to 600' K by using a stirred reactor with a mass 

spectrometer for analysis. 

reaction was found to be 4. 3 x d 3  .-lo, 200/RT cc/( mole) ( sec). 

The rate constant for the H2 + 0 --* OH + H . 

The rate 

of 0 consumption was about three to five times smaller in the absence 

of O2 than in its presence. This difference was quantitatively explained 

as a result of the reaction sequence H + 0 

H02 + 0 -+ OH + 02' 

also studied for the temperature range 350' to 600' K. 

+ M + H02 + M; 2 

The reaction of NH3 with 0 in the absence of O2 was 

The stoichiometry 

of the reaction could be approximately represented by NH 

+ 0.5 H2 + 1.2 O2 + 1.0 H20. 

rates for consumption of 0 were not affected by the presence or absence 

+ 4.4 0 -, NO 3 

In contrast to the H2 + 0 reaction, the 

of excess O2 within experimental error. 

and using this mechanism the rate constant for the NH3 + 0 + NH2 + OH re- 

action was estimated to be 1~10'~ 

A reaction iiiechmisa ? . ~ s  proposed, 

cc/( mole) (sec) . 
INTRODUCTION 

Recently the 

LE. L. Wong, 

mass spectrometric technique' was used to make kinetic 

and A. E. Potter, J. Chem. Phys. - 39, 2211 (1963). 
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measurement of the  H + 0 and NH + 0 reactions i n  the  presence of excess 

0 . Since it seems l i k e l y  t h a t  t he  presence of excess molecular oxygen 

might a f f e c t  the  course of the reaction, t he  measurements were repeated i n  

the  absence of molecular oxygen. 

2 3 

2 

The rettctibii :f + 0 has been studied previously by other inves t i -  -2 

gators using various experimental methods. 2-6 

t h i s  measurement was t o  t e s t  t h e  authors’ experimental technique’ and 

provide addi t ional  information on t h i s  important reaction. 

The purpose f o r  repeating 

1 2 7-9 The react ion of NH3 + 0 has also been investigated previously 9 ’ 
but  never thoroughly and never i n  the absence of 02. 

I > - -  

2P. Harteck and U. Kopsch, Z. Physik. Chem. - B12, 327 (1931). 

‘?C. P. Fenimore and G. W. Jones, J. Phys. Chem., 65, % 993$ ( 19Lr). 
4 
F. Kaufman, Progress i n  Reaction Kinetics (Pergamon Press, Ltd., 

London, 1960, $ p p  /-yo, 
’M. A. A. Clyne and B. A. Thrush, Roy. SOC. Proc. A275, - 544 

(1963). 

%. V. Azatyan, V. V. Voevodsky, and A. B. Nalbandyan, Kinetika i 

K a t a l i z ,  2, 340 (1961). 

7G. E. Moore, K. E. Shuler, S. Silverman, and R. Herman, J. Phys. 

Chem. 3, f 813& (1956). 

8C. P. Fenimore and G. W. Jones, J. Phys. Chem. 65 

’L. I. Avramenko, R. V. Kolesnikova, and N. L. Kuznetsova, Izv. 

, 298 (1961). 
-9 % 

Akad. Nauk. S. S. S. R., Otd. Khim. Nauk.l( - 6, 983 (1962). 



. . 
r 

d '  

3 

EXPERDENTAL 

Apparatus 

The 300-cc s t i r red reac tor  and i ts  connection t o  the Bendix time-of- 

f l i g h t  mass spectrometer (model 14-101) i s  shown i n  Fig. 1 and has a l so  

been describea i n  r e fexzc?  1. One change from the  previous arrangement 

was the  use of a s t a i n l e s s  s t e e l  leak hole diameter of 0.005 in. instead 

of t he  former Pyrex leak hole diameter of 

t he  smaller metal l ic  leak hole could be used provided t h a t  t h e  mass 

spectrometer s e n s i t i v i t y  is  a t  a high enough l e v e l  t o  monitor small 

0.01 in.  It was found t h a t  

changes i n  0 concentration easi ly .  

Materials 

The various gases used i n  th i s  work a re  

table : 
-/ described i n  the following 

Gas 

H2 

N2 

"3 

ND3 

0 
2 

A r  

NO 

Purity, 
percent 

99.9 

99.9 

99.5 

99.9 

99.5 

99.9 

99.5 

The pur i ty  of these gases was checked mass spectrometrically. NO 

w a s  pur i f ied  by the usual trapping procedures and then analyzed mass 
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spectrometrically to be at least 99.5 percent pure before it was used. 

Nitrogen dioxide gas was prepared by adding pure O2 gas to purified 

NO gas and subjecting the resulting mixture to a trapping procedure to 

remove the excess 02. 

k y g s i  ztz:m,s T . w - e  yoduced by adding NO to a stream of active N2 

gas," or by subjecting a dilute O2 in argon gas mixture to a microwave 

discharge. The microwave generator was a Raytheon Model KV 104(NB), 

100-w. I- 

Mass Spectrometric Monitoring of O-Atom Concentrations 

Atomic oxygen can be monitored with the mass spectrometer either at 

The former can be used only in the absence of m/e = 16 or at m/e = 8. 

interference from 0 2, NH3, or other molecules which yield prominent 

m/e = 16 peaks. 

present. It is definitely preferable to work at m/e = 16 when possible, 

since the instrument is operated at 30 ionizing electron volts and at a 

relative low sensitivity level. In this manner of operation, the noise 

lev21 is sc! lnw that an excellent signal-to-noise ratio can be achieved. 

When it is necessary to work ai; m/e = 8, 85 ionizing electron volts and 

a very high sensitivity setting is required to detect the atomic oxygen 

peak. Such operating conditions result in a poor signal-to-noise ratio. 

The latter can be used whenever such interference is 

'OG. B. Kistiakowsky and G. G. Volpi, J. Chem. F'hys., 27, 

(1957). 
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The use of 

i n  a preceding reference. 

m/e = 8 t o  de tec t  oxygen atoms has been discussed i n  d e t a i l  

1 

I n  t h i s  report ,  it w a s  possible t o  use the  peak a t  m/e = 1 6  f o r  

the  react ion of H2 + 0, where t h e  0 was generated by  t h e  N + NO react ion 

su tliat 2 s  C! 

was necessary t o  use the  peak a t  

m/e = 16  

VPC A- nresent. For t he  react ion of NH3 with 0, however, it 2 

m/e = 8, since NH produces a strong 3 

peak because of NH2. 

Calibration of the  mass spectrometer f o r  0 was accomplished by the  

usual  NO2 + 0 o r  NO + N t i t ra t ions4,10.  

w a s  described i n  a previous report.’ The la t te r  NO + N t i t r a t i o n  tech- 

The former ca l ibra t ion  method 

nique i s  shown i n  figure 2.where a typ ica l  s e t  of t i t r a t i o n  curves i s  

shown. The equivalence point,  where the  flow of NO j u s t  equals t he  flow 

of N before  react ion and the  flow of 0 a f t e r  react ion,  can be seen i n  

t h i s  f igure.  

Calculation of Rate Constants 

I n  the  present invest igat ion the 0-atom and O2 concentrations were 

s o  l o w  t h a t  0-atom recombination, due t o  the react ions,  

0 + 0 -I- M +  O2 + M, 

0 + O2 -I- M - t  O3 + M, 

and 

o3 + 0 -t 202 

w a s  so  small that  it can be neglected. 

A s  a r e s u l t  f o r  t he  bimolecular react ion of 0 with a gas B i n  the s t i r r e d  

r eac to r ,  the decrease of 0-atom concentration 

i s  r e l a t e d  t o  the  r a t e  constant k by the  following expression: 

- d o 1  upon addi t ion of B 
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- = k[O][B] At  

where A t  i s  residence time of the  gas i n  the  s t i r r e d  reactor  and [O] 

i s  the  O-atom concentration i n  moles/cm3 i n  t h e  reactor  after addi t ion 

of B. 

the  s t i r r e d  reactor.  

The quant i ty  [B] i s  the  concentration i n  moles/cm3 of B ins ide  

The quant i ty  [E] can be evaluated by taking the  f low r a t e  of B i n t o  

the  reactor  and subtract ing from it the amount of B consumed by chemical 

reaction. 

mole f r ac t ion  of B, from which [B] can be found, s ince the  pressure and 

temperature of t he  gas a re  known. I n  t h i s  investigation, however, only 

a small f r ac t ion  of E w a s  consumed by chemical react ion so t h a t  d i r e c t  

mass spectrometric measurements were very d i f f i c u l t .  A b e t t e r  procedure 

w a s  t o  ca lcu la te  t h i s  f rac t ion  on the bas i s  of t h e  amount of O-atom con- 

sumed and the  react ion stoichiometry. The react ion stoichiometry w a s  

calculated from known rate constants f o r  t he  H -k 0 react ion and measured 

from NO production f o r  t he  NH 

Dividing t h i s  difference by t h e  t o t a l  flow r a t e  yields  t h e  

2 

+ 0 reaction, as w i l l  be described later. 3 

Precision and Accuracy 
I 

A s  mentioned i n  a previous reportL our rate cmats ,z t  6at.a had a 

precis ion of 420 percent and an accuracy of i50 percent leading t o  an 

accuracy of 4 2 0  percent (-41.5 kcal)  f o r  t he  ac t iva t ion  energies. 

The precision of mass spectrometric analyses for reactant  products 

w a s  low. Par t  of t h i s  low precision could be a t t r i bu ted  t o  the  in-  

s t a b i l i t y  of t he  mass spectrometer. In  order t o  minimize e r ro r s  due t o  

instrument i n s t a b i l i t y ,  a l l  reaction products were measured simultaneously 
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with t h e  0-atom concentration and expressed as a r a t i o  of 0-atom concen- 

t r a t i o n  t o  reaction product concentration. Mass spectrometer ca l ibra t ion  

curves f o r  each of t he  reaction products were obtained immediately a f t e r  

a run by metering known amounts of the react ion product i n t o  the  main gas 

f iuw.  %E TrecLninn f o r  measurement of t h i s  r a t i o  was about +25 percent 

for  most of t h i s  investigation. 

REACTION OF HZ + 0 

0-Atom Consumption i n  the S t i r r ed  Reactor 

For study of the  H2 + 0 reaction, 0 w a s  produced by the  N + NO tech- 

A constant f l o w  of 0 in to  the st irred reactor  w a s  maintained by nique. 

a constant flow of NO i n to  the  dissociated nitrogen stream upstream of the  

reactor.  

replaced by 0 atoms, with no excess of NO. Then, H2 w a s  added t o  the  

s t i r r e d  reactor  i n  increasing steps,  and t h e  0 atom concentration was  

The flow rate of NO was  adjusted s o  t h a t  a l l  the  N atoms were 

measured a t  each step.  The r e s u l t s  from measurements of t h i s  kind a t  

four d i f fe ren t  temperatures are presented i n  Table I and plot ted i n  Fig. 3. 

Shown i n  t h i s  f igure  a re  p lo t s  of A[O]/[O] against  t h e  r a t i o  FH2/Ft, 

t he  r a t i o  of the hydrogen flow r a t e  $-’ t o  tli? t o t a l  flw r a t e  F,. 
HZ 

FH2/Ft Since the  amount of hydrogen used up by  chemical react ion i s  small, 

i s  approximately equal t o  the  mole f r ac t ion  of H2 i n  the  s t i r r e d  reactor.  

Products of t h e  Reaction 

2’ The only products of t he  reaction t h a t  could be detected were 0 

H 0 and H. I n  a previous report,’ only H 0 and H could be ident i f ied  as 
2 2 
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major products. 

vented the  detection of O2 as  a reaction product. 

Mechanism of the Reaction 

The presence of a large excess of 0 i n  t h a t  case pre- 2 

Ehough i s  known about the  reactions of hydrogen with oxygen t o  allow 

a IIledi&iilSZ tz be wvitten, based on the observed products of the react ion 

and the  experimental conditions. This mechanism i s  

H2 + 0 + OH + H 

OH + 0 + O2 + H 

OH + H2 -+ H20 + H 

( 2 )  

( 3) 

(4) 

Reaction (4 )  i s  selected over the  a l te rna te  water-forming reaction 

2 OH -, %O + 0 since it may be shown (using rate constants from ref. 11) 

t h a t  t he  rate of t h i s  react ion must be negl igible  i n  comparison t o  re- 

act ion ( 4 ) .  

Calculation of Rate Constant f o r  

H2 + 0 -, OH + H Reaction 

k2, the r a t e  constant f o r  t he  i n i t i a l  elementary An expression f o r  

reac t ion  ( 2 )  i n  terms of experimentally measured quant i t ies  and the  two 

I ,  o m e r  i"i7;te c o c s f , a ~ t . s j  k, and k,, can be derived from the  above react ion 

scheme by assuming the  steady s t a t e  f o r  OH. 

lows ( d i f f e r e n t i a l s  have been replaced by f i n i t e  differences, appropriate 

3 = 

This expression is, as f o l -  

t o  t he  s t i r r e d  r eac to r ) :  

'IF. Kaufman, Ninth Symposium ( In te rna t iona l )  on Combustion, 

Reinhold Pub. Corp. , 659 (1962).  
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Equation (5) showed t h a t  f o r  our experimental condition 

la ted  t o  the  t o t a l  0-atom consumption by t h e  bracketed term, which w i l l  

be ca l led  f .  The rate constant factor f can be calculated s ince [ O ]  

k2 i s  re- 

was measured d i rec t ly .  The r a t e  constants k and k4 can be obtained 

f r u u  i -EfSYCZZZ 11, and [H-1 can be obtained with su f f i c i en t  accuracy from 

the  flow of added H i n t o  the  reactor  s ince only about 5 percent of the 

added H was consumed i n  the  react ion as discussed i n  the  next paragraph. 

Figure 4 shows a plot  of calculated f values against  temperature f o r  

3 

6 -  

2 

2 

th ree  d i f f e ren t  values of H mole f rac t ion  FH2/Ft which covered the  ex- 2 

condition encountered here. The la rges t  deviation of f from i ts  l i m i t -  

ing value of 2 w a s  about 20 percent a t  t he  highest temperature and 

l a r g e s t  H concentration. For most of  the  experimental conditions, t h e  

deviation from the value 2 i s  < 10 percent., 

2 

I n  order t o  calculate  k2 precisely,  [H2] i n  the  reactor  must a l so  

be obtained. I n  pr inciple ,  t he  mass spectrometer can be used t o  make 

t h i s  measurement. However, since only a small percentage of the added H2 

w a s  consumed by chemical react ion the precision of the  mass spectrometric 

measurements was very poor. Consequently, it w a s  decicied t o  calculate 

[H,] from t he  measured 0 loss.  This calculat ion i s  described below. 
FOR 

By assuming steady state PE OH, reactions(Z),  (3), and ( 4 )  give f o r  

t h e  s t i r r e d  reactor  
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Then, dividing Eq. (5) by Eq. (6) gives an expression for the relative 

stoichiometry, A0/AH2. "- 

i 7 j  

This equation indicates the relative number of moles of 0 consumed per 

mole of 5 consumed, and it may be calculated with sufficient accuracy 
in the same manner as f. 

in Fig. 5(a) which shows A[O]/A[H2] as a function of temperature and 

FH /Ft for our experimental condition. The values of A[O]/A[H2] 

The results of this calculation are presented 

2 

vary from about 1.1 to 2.0. 

These A[O]/A[H2] values can now be used with experimental values of 

A[O] and [H2] , concentration of H2 in the reactor in the absence of re- 
0 

action, to find A[H2]/[H2] , the fraction of H2 consumed in the reaction. 
0 

F i g ~ e  5(b) shows these fractions for our experimental condition and indi- 

cates that A[H,~]/[H,] ranges from 1 to 10 percent. The curves of 
0 

Fig. 5(b) can be used to obtain values of [H2] from the experimental values 

of [H2] . 
0 

The results of the calculation of k outlined above are given in 2 

Table I and are shown in Fig. 6, where a semilogarithmic plot of the rate 

constant k2 against 1/T is shown. The equation of the line through 

the data is 
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This result is  compared with 

k2 = 4.3X10 exp( -10,20O/RT) 

data  from Clyne 

cc/(mole) ( sec )  ( 8 )  

and Thrush, Fenimore and 

Jones, Baldwin, and Azatyan i n  Fig. 7. The most recent da ta  covering 

a range of temperature similar t o  t h e  range i n  t h i s  repor t  a r e  those of 

c;iyrlt. z12 9 z c ~ h ~  Our rate constants average about 20 percent higher 

than the i r s ,  and our ac t iva t ion  energy i s  0.8 kcal/mole higher than the i r s .  

The agreement i s  sa t i s fac tory ,  considering the  completely d i f f e ren t  

methods used. 

-- 

THE EFFECT OF MOLECULAR OXYGEN ON THE 

OXIDATION RATE OF H2 BY 0 

I n  a previous paper' we studied t h e  react ion of hydrogen with mix- 

tu re s  of molecular and atomic oxygen. The overa l l  rate constant, as 

defined i n  Eq. (l), f o r  disappearance of atomic oxygen i n  the  s t i r r e d  

reac tor  was found f o r  t h i s  case t o  be 

ko' O2 mol3 exp&8,300/RT) cc/( mole) ( sec)  ( 9 )  

It i s  in t e re s t ing  t o  compare these r a t e  constants with those f o r  the  

disappearance of 0 i n  the  absence of 02. 

Tor  t h e  cons l~qt? lnn  of 0 were used t o  calculate  rate constants f o r  t he  

reac t ion  H2 + 0 + OH + 0. 

la te  overa l l  rate constants ko f o r  0 disappearance i n  the  absence of 02' 

Equation (1) defines the  overa l l  ra te  constant 

t h i s  way. 

s ince the  term i n  brackets i n  Eq. (5) is  = 2. The r e s u l t s  are shown i n  

Fig. 8, along w i t h  rate constants f o r  the case of excess molecular oxygen. 

I n  the preceding section, data  

These same data (Table I) can be used t o  calcu- 

ko t h a t  i s  calculated i n  

Comparison of equations (1) and (5) show t h a t  ko = 2k2, 
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It can be seen t h a t  t he  presence of molecular oxygen g rea t ly  increases 

the  rate of disappearance of atomic oxygen. The increase ranges from a 

fac tor  of f i v e  a t  low temperatures t o  about three a t  high temperatures. 

In  the  following paragraphs, t h i s  increase i n  rate i s  explained. 

- 111 *I^- b A A G  --cenrp y ~ .  -- --- - of 0,. it i s  necessary t o  add5 two reactions t o  the 
G .  

three-reaction scheme proposed above for t he  react ion of H2 with 0. With 

these reactions,  the  react ion scheme for the  react ion of H2 with (0  + 02) 

i s  

H2 + 0 -, OH + H ( 2 )  

OH + 0 + O2 + H (3) 

OH + H2 -* H20 + H ( 4) 

O2 + H + M-, H02 + M ( 10) 

H02 + 0 -, OH + O2 (11) 

The purpose herein i s  t o  show how the  preceding react ion mechanism 

In can explain the  e f f e c t  of exces~i-0~,onl!tH$.,rate of 0 disappearance. 

order t o  do t h i s ,  the  react ion mechanism i s  used with the  data  f o r  the  

H + (0 + 02) react ion to dedxee rat.e constants f o r  t h e  H, + 0 -* OH + H 
2 - 

reaction. These r a t e  constants can then be compared with t h e  r a t e  con- 

s t a n t s  f o r  t h i s  react ion obtained in  the  previous sect ion from the  re- 

ac t ion  i n  the  absence of molecular oxygen. 

On t h e  basis of the preceding react ion mechanism the  0-atom decay 

rate -d[O]/dt may be expressed as follows : 
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Then by assuming steady state for OH and H02, Eq. (12) may be rewritten as - 

Expressions for [HI and [OH] were obtained as follows: 

For [HI one makes use of the equation 

This equation can be put into the finite difference form appropriate to 

the stirred reactor. 
P 

Since the initial atomic hydrogen concentration is 

zero, Eq. (14) gives 

where At is the residence time in the stirred reactor. 

For [OH] one finds that 

Now after proper substitution and conversion to the finite-difference 

form, Eq. (13) may be written as 

Values of k 

mental data for the H 

upon references 12 and 13. Reference 12 reported a value of 

k 

were calculated from this equation by using the experi- 2 
and (0 + 0 ) reaction,’ and a value of k based 

2 2 10 

= 0 . 8 ~ 1 0 ~ ~  cc2/(mole2)(sec) at 299 K for M = Argon and an activation 
10 

l2M. A. A. Clyrie, ‘Ninth Symposium (International) on Combustion, 

Reinhold Pub. Corp. 211 (1963). 

13B: Lewis and G. von Elbe,  Combustion, Flames, and Explosions of 

Gases, Academic Press, Inc. 33 (1951). 
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energy OE = -1600 cal.  

k10 fo r  the experimental condition' where M = 0 

were again from reference 11. The resu l t s  of t h i s  calculat ion are shown 

Reference 13 provided information t o  calculate  

Values of k3 and k4 2' 

2 i n  Fig. 9, where the  calculated rate constants are compared w i t h  k 

values from tne  pr-t.c;&.i;;g zecf.Lnn. This figure shows t h a t  t he  calculated 

rate constants agree f a i r l y  well  with the  values measured more direct ly .  

This agreement gives evidence favoring the  react ion mechanism proposed 

f o r  t he  reaction of H2 with 0 + O2 mixtures. 

0-atom disappearance i n  the  presence of O2 i s  due t o  the  

H + 0, + M --* KO, + M reaction. The HO, formed i n  t h i s  react ion reac ts  

Thus, the  increased rate of 

L L G 

w i t h  0 t o  form OH and 0 The OH formed 

form O2 and H, thus regenerating H. The 

2' 

of H02 formed removes two oxygen atoms. 

REACTION OF NH3 

Atomic Oxygen Consumption 

For study of the  NH3 + 0 reaction, 

t i t r a t i o n  technique and by subjecting a 

removes an 0 atom by react ion t o  

ne t  e f f e c t  i s  tha t  each molecule 

WITH 0 

i n  S t i r r ed  Reactor 

0 w a s  produced both by the  N f NO 

1.8-percent 0 -Ar mixture t o  a 
2 

microwave discharge. 

spectrometer a t  

m/e = 8 

Since nmnonia produces a strong peak i n  the mass 

m/e = 16, it w a s  necessary t o  monitor 0 consumption at  

with an ionizing voltage of 85 vol ts .  

This technique w a s  used t o  measwe the amount of 0 consumed i n  the 

st irred reactor  a t  increasing levels  of NH3 concentration f o r  three 

d i f f e ren t  temperatures. 

Fig. 10. 

These data a re  shown i n  Table I1 and plot ted i n  
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Products of the Reaction 

I n  a previous investigation' on the NH3 + (02 + 0) react ion the  

pr inc ipa l  products were NO and H 0, the secondary product w a s  H2, with 

possibly a t r ace  of H. 

2 

I:: t h e  wnrk reported herein, t he  products from ammonia react ing with 

atomic oxygen produced from the  N f NO react ion were measured first. 

before, the pr inc ipa l  products included NO and HzO; however, a mass 

spectrometer peak a t  m/e = 32 was also observed. This could not have 

been detected i n  our previous work because of the  excess of molecular 

oxygen present. The peak a t  m/e = 32 could arise e i t h e r  from O2 or  from 

hydrazine, N2H4. 

deuterated ammonia, ND3 was  reacted with 0 f r e e  of 0 

m/e = 32 

from N2H4. 

As 

I n  order t o  d i f f e ren t i a t e  between the  two, f u l l y  

The peak a t  2' 

did not s h i f t ,  so  t h a t  it must have originated from O2 and not 

When using 0 from the  N + NO reaction, a large excess of N is  present, 2 

so  t h a t  any N formed as a react ion product could escape undetected. To 

t e s t  t h i s  poss ib i l i ty ,  NH w a s  reacted w i t h  0 produced by microwave d is -  

c h r g e  tk.znngh a d i l u t e  (1.8 percent) 0 mixture with argon. No N could 

be detected. 

2 

3 

2 2 

I n  a l l  the experiments described i n  Table 11, H2 w a s  detectable  as a 

minor product, although H w a s  not. 

There w a s  no N2-containing product other than NO; 02, H2, and H20 

were the  remaining react ion products. 

Stoichiometry of Reaction 

Sincethere  i s  no N2-containing product other than NO, each mole of 
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NH3 used i n  the  react ion must yield one mole of NO. 

of x and y a re  assigned t o  the  moles of H2 and O2 produced i n  the  re- 

action, t he  react ion can be wri t ten as 

If a r b i t r a r y  values 

NH3 + (g - x + 2.) 0 --* NO+xH2 + y O2 + ( $  - x) H20 (18) 

Study of t h i s  equation shows that x i s  l imited i n  vttiUe k 

0 - < x ,< 3 / 2 ,  but  y can vary from 0 t o  +oo. Also, s ince there  are only 

two unknowns, x and 

found from measurement of only two components, such as 0 and 02, r e l a t i v e  

t o  NO or  NH3. 

y, t he  complete stoichiometry of t he  react ion can be 

To determine one of the  necessary coeff ic ients ,  measurements of the  

0 stoichiometry were obtained by measuring 

served t h a t  each mole of NH3 consumed y ie lds  one mole of NO. 

of 

t he  i n i t i a l  NO concentration i s  zero. 

d i f f e ren t  temperatures and various FNH3/Ft a r e  shown i n  Fig. 11. A l -  

A[O]/A[NO] since it w a s  ob- 

The value 

A[NH3] s ince A[NO] can be measured with much greater  accuracy than 

Values of A[O]/A[NO] for  two 

though there  i s  much s c a t t e r  i n  the  data, t he  average value of 

A[o]/A[No], neglecting alY ---- +---mture ub.luy--- t rend i s  -4.4. 

Additional support fo r  the  above r e l a t i v e  stoichiometry value w a s  

obtained by  A[O]/A[NH ] measurements a t  temperatures of 350° and 550° K. 

A t  t h e  lower temperature the  measurement w a s  impractical  s ince values of 

A[",] were too  small t o  be measured re l iab ly .  For the  higher temperature 

t h e  values of A[O]/A[NH,] were 4 t o  5 agreeing with the  previously s t a t ed  

A[ 0 1 /A[NO 1 value. 

3 



I n  order t o  determine the  other stoichiometric r a t io s ,  A[01/A[02 1 

and A[O]/A[H21, t he  values of AIOlf, A[O2If, and A[H2If, the  changes 

i n  flow rates of these species, were measured as a function of NH3 flow 

rate. mese  r e s u l t s  a r e  shown i n  Fig. 12.  Values for  the  s toichio-  

metric r a t i o s  were obtained by arawing iiiEGG lizea f.hrough the  data, and 

dividing the  slopes of t he  A[O], l ine  by the  slopes of t h e  A[O,] 
f 

o r  A[H2] l ines ,  as shown i n  Table 111. No s igni f icant  trends with 
f 

temperature are noted. 

A~Pl/A[H2] w a s  9. 

The average value f o r  A[O]/A[O,] was 4 and f o r  

Additional stoichiometric information w a s  obtained by measuring 

A[H20]. 

only, because of t he  d i f f i c u l t y  of cal ibrat ing f o r  small amount of H20. 

Here it w a s  necessary t o  express [H20] i n  terms of ion currents 

These r e s u l t s  are compared with A0 and AH2, a l so  i n  terms of ion 

current,  and shown i n  Fig. 13. 

about midway between 

A[O]/A[H2] = 9, A[O]/A[H2] must be  about 6. 

2 

This f igure  shows t h a t  A[H20] l i e s  

Since A[O]/A[021 = 3.7 and A[O] and A[H21. 

The two more r e l i a b l e  stoicnioructric ratiss Al[Ol/A[NO] and 

A[ O]/A[ O2 1, can be used t o  calculate t he  react ion stoichiometry. 

Equation (18) shows t h a t  

d o l  5 - = - -x + 2y = 4.4 
A[NOl 

and 

A[OI 5 x  - = - - - + 2 = 3.7 
A[O2I 2Y Y 
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From the experimental values of these ratios it was found that 

x = 0.5 and y = 1.2. The reaction can then be written as 

NH3 + 4.4 0 + NO + 0.5 HZ + 1.2 02 + 1.0 H2O (21) 

The ratio A[O]/A[H 1 derived from this equation is 9, which is in 

Similarly, 
2 

good agreement with the value of 2 G i j t ~ k i c 2  z,xpr?mentallg. 

the ratio A[O]/A[H,O] from the equation is 4, which agrees qualitatively 

with the experimental value of 6. 

0 

Rate Constants for Consumption of Atomic Oxygen 

The data on 0 consumption were used with Eq. (1) to calculate bi- 

The required [NH,] term was calculated from molecular rate constants. 

the 

The 

the 

for 

and 

3 

NH3 flow into the reactor by subtracting from it the NH3 consumed. 

amount of NH, consumed was found from the amount of 0 consumed and 
J 

reaction stoichiometry. The results are plotted in Fig. 14. 

atomic oxygen produced both from N + NO and from O2 + A r  are 

are compared with data from reference 1 for 0 + O2 mixtures, 

as a dashed line, and Avramenko's work9. 

It is interesting to note in Fig. 14 that the rate constant 

Data 

shown 

shown 

is un- 

affected by presence or absence of 02, within e-qerimental error. 

is quite different from the oxidation of hydrogen where the rate constant 

was increased about a factor of 3 to 5 by excess 02. 

that O2 does not play a significant role in the oxidation of NH 

rate constant for 0 consumption 

cc/(mole)(sec) as found in ref. 1. 

This 

It follows from this 

The 
3' 

- 4,9 OOhT 
kg2 can be taken to be 3~10'~ e 
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A Possible Reaction Mechanism 

A series of react ion s teps  can be wri t ten t o  account for t he  re- 

act ion products. The most plausible s e t  of reactions a re  as follows: 

NH3 + 0 --* NHZ + OH 

lvnz -i- s 

(22 )  

( 2 3 )  

(24) 

( 2 5 )  

( 2 6 )  

( 2 7 )  

( 2 8 )  

--- I% 4- n9 

NH + 0 -+ NO + H 

OH + 0, O2 + H 

OH + NH3 --+ NH2 + HzO 

H + NO + M-* HNO + M 

HNO + H 4  Hz + NO 

Other reactions cer ta in ly  occur, bu t  a re  thought t o  be of minor importance. 

By analogy 

..- 

The i n i t i a l  react ion s t e p  must be the  a t tack  of NH3 by 0. 

with HZ, the  products are thought t o  be NH2 and OH. 

(NHz) i s  expected t o  be very reactive,  and a react ion with 0 probably pre- 

dominates. 

NH and OH. 

This react ion i s  znergeticslly possible and i s  the  most plausible process 

t h a t  y ie lds  NO. The appearance of O2 among the  products can be accounted 

for by the  react ion of OH and 0, which i s  known t o  be extremely fast. 

reac t ion  of OH and NH 

for t h e  production of H20. 

accounted fo r  by the  NO catalyzed H recombination react ions shown i n  

Eqs. ( 2 7 )  and ( 2 8 ) .  

The amino r ad ica l  

By a n a l o a  with the  i n i t i a l  s tep,  t he  products a re  probably 

The imino r ad ica l  (NH) can reac t  with 0 t o  give NO and H. 

The 

t o  yield NHZ and H20 i s  the most plausible  react ion 

The presence of H2 and the  absence of H can be 

3 

These two reactions were selected over other a l t e rna te  



20 

react ions since they a re  known t o  be f a s t . l *  

The preceding react ion scheme can a l s o  explain why the  overa l l  r a t e  

constant i s  unaffected by t h e  presence o r  absence of excess 02, since the  

termolecular react ion H + O2 3. M -, H02 + M is r e l a t i v e l y  unimportant be- 

cause rettc$hri (??) is s o  f a s t .  

The react ion mechanism outlined in  Eqs. ( 2 2 )  t o  (28)  can be used t o  

r e l a t e  t h e  atomic oxygen consumption r a t e  constant 

constant k22 

Bg2 t o  the  rate 

for t he  i n i t i a l  oxidation s t e p  NH3 + 0 -, NH2 + OH. With 

the  steady s t a t e  assumed f o r  NH NH, and OH, it can be shown t h a t  
2’ 

A[O-I. - A[Oo] - 2 A(N0I 

where d i f f e ren t i a l s  have been replaced by f i n i t e  differences appropriate 

t o  the  s t i r r e d  reactor.  

Defining A as 

A[OI - A[021 - 2 &NO] 

d o l  A =  

and r eca l l i ng  from equation (1) t ha t  

then 

kf2 = A k& 

(29) 

& A ’%. M. Sugden, E. M. Btlewicz, ,and A. Demerd$che, Chemical Reactions 

i n  the  Lower and Upper Atmosphere, Ifltersclence Pub. 39, 1961. 



1 

2 1  

From the experimental stoichiometry, it is found that 

4.4 - 1 . 2  - 2 = o.27 A =  
4.4 

so that 

kf2 = 0.27 kg2 ( 3 3 )  

From the above result the rate expression for the primary reaction 

Eq. (22) is, as follows: 

kZ2 = 1~10~' exp ( cc/(mole)(sec) 

t 



TABLE I .  - STIRRED REACTOR MEASUFS4EYTS OF ATOMIC OXYGEN WITH MOLECULAR HYDROGEN 

12a 0 , 2 6 3  
12b ,254 
1% .lo7 
14a ,138 

d 
0 
I- 
cu 
I w 

__ 
399 1.46 
399 
400 
400 

I ,033 .10 .05 .65 

I I 

0 .09  0.08 
.12 
.09 

.07 

.07 

1.46 0.034 0.15 
1.46 ,033 .24 .12 

la 0.163 396 ' 
28 ,314 397 
3a1 ,318 ~ 397 1 1.46 .034 . 33  .20 .70 .13 .01 2.0 

1.7 
2.0 

2.0 
1.9 
1.5 
1.6 

1 .a  

1.25 1.17 0.67 0.04 1.9 . a5 .04 1.9 
.70 

.40 .37 2.0 
,034 .82 .75 . 6 6  .os 1.9 

0.08 0.08 
.2a .22 
.37 .30 

,209 .37 .28 
.210 .45 . 3 6  
,159 .45 .38 

,200 

.07 7 
,158 

0.66 0.11 0.04 2.0 

.68 .03 2.0 
.02 1.9 

1.9 
2.0 

.67 .12 I .03 2.0 

.67 .03 

596 1.46 
596 
600 
600 
600 

27 

29 
30 

32 

28 

31 

0.034 
,034 
,032 

i 

0.091 430 I 1.69 0.035 0.09 0.05 0.70 0.03 0.12 

.02 

.02 

.02 

,034 .09 .06 .70 
.030 .09 .05 
,027 .30 .22 .bi 
.039 .26 .18 i ,027 . 31  .21 

,078 430 

,184 425 

.095 430 
,171 425 

,251 425 

2.77 2.66 
2.77 2.66 

,185 
,030 

,265 

~ 

507 

i 
509 

I 
1 0.032 

4 
,031 

I 
0.23 
.54 
.91 
.96 
.22 
.51 
. B O  
.15 
.43 
1.14 

0.21 

.82 

.87 

.48 

.72 

.13 

0.64 
.65 
.67 
.67 
.64 
.65 
.67  
.63 
. € 5  
.69 

Average v a l u e  
Average d e v i a t i o n  

~ 

- __-_ ~ L 
Average Value 

Average d e v i a t i o n  

Average Value 
Average d e v i a t i o n  

Average Value 
Average d e v i a t i o n  

- 

1 2x108 
119 percent 

<.*AIY 

1.9 
1.6 
2.1 
2.0 

10. 7+109 
10.0 
9.3 
8.3 
7.4 
6 . 9  
1 . 9  
9 . 9  
9 9  

8 . 9 ~ 1 0 ~  
f13 pepcent 

0.7 6k108 

1 2  
1.2 

.67 

0 . 9 f i x 1 c ~  
224 percen t  ~. 
7.7~10~ 
1.5 
1.6 
8 . 7  
8 . 3  
7 . 6 
7 . 4  
~- 

1 . ~ ~ 1 0 ~  
f5 percent 

1.8x109 
1 . 6  
1.6 
1.9 
1.8 
1.6 
1.6 
1.6 
1.4 
1.7 

2.9x108 
5.2 
4.8 
4.5 
5.6 
7.4 

5.1~10~ 

1.6~10~ 

.~ 220 percent 

2.3 
1.6 
3 . 6  
2.7 
2.4 

2.4~10' 
e21 p e r c e n t  I 

aN~mal temperature and pressure 
bAIOl = [010 ( I n i t i a l  oxygen atom c o n c e n t r a t i o n )  . [OI (flnal oxygen atom concentratlon) 
e ~ e e  p .  a or t e x t .  



Average va lue  
Average d e v i a t i o n  

5 . 3 ~ 1 0 ~ ~  
k8 p e r c e n t  

TABLE 11. - STIRRED REACTOR MEASUREMENTS OF ATOMIC OXYGEN W I T H  AMMONIA 

( a )  Atomic n i t r o g e n  and n i t r i c  ox ide  technique  used a s  atomic oxygen s o u r c e  

R e l a t i v e  Rate  c o n s t a n t  
Por consumption, oxygen atom 

Lesidence 
t ime, 

A t ,  
s e c  

ammoni 

I I c- 

'i' 0.020 0.42 
.034 1 .32 
.034 .71 
,037 .27 
.037 .73 
.020 .27 

0.38 
.30 

0.67 
.66  
.69 
.66  
.69 
.66 

0.15 4.4 

i 
1.6~10' 
2.0 

.64 

.2s 

.65 

.25 

1.1 
2.0 
1.1 
2 . 1  

,043 
,200 

I I L A -  
Average value 

Average d e v i a t i o i  
1.7~10~ 
* 2 2  p e r c e n t  

0.85~10~ 
. 81  
.72 

1.8 
.89 

1 . 2  
1.2 
1.7 
1.1 
1.1 
1.1 

1.1X1o9 
f22 p e r c e n t  

Average value 
Average d e v i a t i o r  

0.035 
.035 
.035 
.034 

' O r  

.027 . O r  

.027 
,027 

1.68 
.34 
.77 
.58 
.39 
.82 
.26 
1.00 
1.55 

.26 

.51 

.90 
1.48 

.22 

.58 
1.33 

4 4.6~10' 
4.7 
4.4 
4.5 
4.8 
3.6 
4.4 
5.4 
4.9 
4.2 
5 . 6  

1.51 1.77 

. 62  

.41 

0.69 
.67 
. 6 6  
.66 
.66 
. 6 7  
. 6 7  
.66 
.68 
.67 
. 6 6  
.66 
.68 
.65 
.66 
.67 

4 

.88 I 

.28 
1.05 
1.63 
.28 
.54 
.95 

1.56 5.1 
4.5 
3.0 
4.5 
5.2 

.24 

.61 
1.39 

Average v a l u e  
Average d e v i a t i o n  

4.6~10' 
510 p e r c e n t  

5 . 3 ~ 1 0 ~ ~  
4.7 
4 . 7  

1.51 

I 
1.20 
2.83 
5.88 
5.88 
1.95 

0.65 
.66 
.67 
.67 
. 6 6  
. 6 6  
.67 
.66 
. 6 6  
.67 
.65 
.65 
.65 
.66 

4.4 5 93 
594 
593 
533 
596 
596 
596 
597 

0.087 

1 

8dl .l55 
9a 044 
9b I : 083 

I. 97 

1.52 
4.50 
8.57 

2.36 

4.23 
5.93 
1.50 
4.46 
8.51 
.98 

1.92 
2.34 
4.09 

1 



I Run1 Added 'empera-i Ni t rogen  
t u r e ,  I c a r r i e r  g a s  

OK ~ f l o w  i n t o  
1 .la;rr.oni; 

I f lnw 

I ,  

N i t r i c  ox ide  F r a c t i o n  of 
g a s  added or oxygen atoms 
oxygen atoms1 consumed i n  

I 
t- - ,  

' 35 .017 
36 ,034  

~ 3 7  ~ ,033  

j-- 

TABLE 11. - Cont inued .  STIRRED REACTOR XEASUREKENTS OF ATOMIC OXYGEN WITH ANDIONIA 

( 6 ;  CL;-.::,:<+ Atomic n i t r o g e n  and n i t r i c  oxide t e c h n i q u e  used a s  a tomic  oxi-gen s c u r c e  

0.030 ~ 

,030  
,033  ' 
,029  
,033 
,033 

324 
324 
326 
326 
326 
331 

1 ' 1  ,033  ' 
.036 , 
.036 
.028 

j ,028 ' i "  f I ,029  1 

588 1 . 5 1  ' 0.030 1 
,029  ' 

594 , 1 ~ ,024  ~ 

591 ' ,020 I 
589 1 1 ,026 1 589 I I I .022 1 

595 
595 ~ i 1 :E ~ 

aNormal t e m p e r a t u r e  and p r e s s u r e .  

0 . 9 3  
.80 
.60  
.16  
.17  
.51 

1.01 

_- ~- 

0.35 
1 . 0 1  
1 . 2 1  
1 . 4 0  
1 . 2 0  
.61 

1.65  
1 . 5 5  

F r a c t i o n  o f  
oxygen atoms 
consumed i n  

r e a c t o r  by 
r c a c t i c n  w i t t  

idded ammonia, 
a [o l / [o l  

0 .85  
. 7 3  
.56  
.15 
.16  
.46  
.90  
. 1 7  
.37 
.25  
.55 
.24  

I 0 . 3 4  
1 1.00  
~ 1 . 1 9  
1 1.38 
1 1 . 1 9  
I . 6 0  
' 1 . 6 3  
' 1.53 

' r e s s u r e ,  Residence 
mn Hg ~ tg;, 

s e c  

0.66 

. E6 

.E 

.65  

. 6 1  

. 7 0  

.65 

. E i  

.65 

. 6 9  

. c e  

c c, . "i 

0.088 
.087 
,087 
,087 
,088 

. 6 4  ,088 

.65  ,087 

.65 ,087 

Average v a l u e  j 1.zx1o8 
Average d e v i a t i o n  +27 p e r c e n t  

4 . 4  2 . i X 1 0 1 0  
I I 5 . 9  

I I 2:: 

Average v a l u e  4.7~10'~ 
Average d e v i a t i o n  1 f18 p e r c e n t  

bAIO] = LO], ( i n i t i a l  oxygen atom c o n c e n t r a t i o n )  - [ O ]  ( f i n a l  oxygen atom c o n c e n t r a t l o n ) .  
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Oxygen F r a c t i o n  of 
xygen atoms 
ansumed i n  
e a c t o r  un-  
s r r e c t e d  f o r  

F r a c t i o n  of I n i t i a l  oxy- 
oxygen atoms gen atom o r  
consumed i n  n i t r o g e n  d i -  

r e a c t i o n  wi th  t r a t i o n ,  
r e a c t o r  by oxide concen- 

0 .31  
.46 

0 .26  (0 .04 )  
. 4 2  I 

0 .65  0.17 

0.12 

! 

4.4  

1 

.2 'b  

. 4 ' b  
L4'C 
- 4 ' d  
. 5 ' a  
. 5 ' b  
. 6 ' a  
.6'b 

14'a  
, 278  

.062 

.065 
, 0 6 2  
,128  
,125  
, 2 7 3  
.252 

.062 

TABLE 11. - Concluded. STIRRED REACTOR MEASUREMENTS OF ATOMIC OXYGEN WITH AMMONIA 

(b) 1 . 8  P e r c e n t  molecu la r  oxygen - argon mix tu re  used as a tomic  oxygen source  

- 
Rur 

- 
l a  
l k  
I C  
3a 
3b 
- 

- 
4a 
4b 
4c 
4d 
5a 
5b 
5 c  - 

Rate c o n s t a n t  
or oxygen atom 

consump ti  on, 

c / ( m o l e ) ( s e c )  
G 2 '  

a r r i e r  ga: 
f low i n t o  
d i s c h a r g e  

cc/sec 
( N T P ) , ~  

s e e  

1.50 4 . 4  

J 
7 . 1 ~ 1 0 "  

13.0 
9.2 

14 .7  
17.9 

i 
. 64  
. 64  

,042 
,039 I 

I 

Average v a l u e  
Averane d e v i a t i o n  

1.2X1o3 
t 2 9  p e r c e n t  

4 .  4x1010 
6 . 3  
6 . 5  
8 . 5  

0.0087 541 
.0072 553 
.0077 559 
,0064 561 
.032 566 
,035 567 
,058 567 

6 . 9  
5 . 7  
5 . 6  

6.3X1O1O 
t-14 Dercen t  

5.9x1010 
9 . 1  
7 . 3  

11.3 
6 . 6  
7.7 
8 . 1  

3. o x l o l o  
f 1 6  Dercen t  

Average value 
Average d e v i a t i o r  

0 .58  
.52 
.52 

0.56 
.50 

(0.04) 

I 
9 . 0 ~ 1 0 '  
6 . 9  
7 . 9  

1 . 5 0  I 1 0 . 9  
6 .7  
6 . 3  
6 . 5  
6 . 0  
6 . 7  
6 . 4  

.66 

.66 
'69 
.68 
.66 
.66 
.65 
.66 

7 ' a I  ,252 1 

' I  6 . 4  I I I I 1 

Average va lue  
a g e  d e v i a t l o r  

7 . 2 ~ 1 0 ~  
+15 p e r c e n t  

1 .5x109 

A V  

O r  

1 
i" 
.16 

0.34 
.35 
.68 1 
.68 

1 . 1 2  
.31  
.25 I 
. 32  

0.31 
.32 
.61 
. 6 1  

1.01 
.28 
.22 

0.65 
.65 
.67 
.67 
.70  
"r . "., 

i 
. 66  
.70 
.69 

( 0 . 0 4 )  

I 
4 . 4  

1 
305 
307 
306 
306 
306 

,P I 
1 .6  
1 . 2  
1 .2  
1.1 
1 .3  
l . u  

.29 

.27 

.45 

.52 

.86 

.86 

1 .3  
1.3 
1 . 0  
1 .0  

. 9  
1 . 0  1 t 
1.2XlOY 
+17 p e r c e n t  

Average va lue  
Average d e v i a t l o r  

a N o m a l  t empera tu re  and  p r e s s u r e .  
bESt lma ted  i n i t i a l  oxygen atom c o n c e n t r a t i o n  [010 based on approx ima te ly  75 p e r c e n t  molecu la r  oxygen d i s s o c i a t i o n .  
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569 

Average 

3 

3 

5 
~~ 

3.7 

9 I 4 t o 5  

9 

9 -6 4.4 (fig. 11) 
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Figure 1. - Stirred reactor and connection to mass spectrometer. 

0 .01 .02 .03 .04 .05 
Added ni t r ic  oxide gas (NTP), cdsec 

Figure 2. -Titration curves for NO + N - 0 + N2 
reaction. Bendix operating at 30 ionizing elec- 
t ron volts; nitrogen carr ier  gas, flow rate, 1.5 
cubic centimeters per second (normal tempera- 
ture and pressure, NTP); pressure, 0.62 mi l l i -  
meter of mercury. 
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Figure 3. - Oxygen atoms consumed by added molecular 
hydrogen. Temperature range, 4ooo to 6OOO K; n i t ro -  
gen carrier gas flow rate, 1.5 cubic centimeters per 
second; pressure, 0.7 to 0.8 millimeter of mercury. 
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Figure 4. - Calculations of rate constant factor 
f for H2 + 0 - OH + H reaction. 
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(b) Fraction of hydrogen consumed. 

Figure 5. -Calculations of relative stoichi- 
ometry and fraction of molecular hydro- 
gen consumed. 
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Figure 6. - Rate constants for H2 t 0 - OH + H 
reaction. 
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Figure 7. - Comparisons of rate constants for H2 + 0 +OH + H reaction. 
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Figure 8. - Comparison of rate constants 
for oxygen atom consumption for the 
HE + 0 reaction. 



&l 
Y 

c 
c m 

VI c 
0 V 

- 

(in absence of 02) 
Calculated rate constant 

data for H2 + 0 reac- 
!bn in Fresence of 
excess O2 

109 

108 

u 
1.5 2.0 2.5 3.ox:o-3 

Reciprocal temperature, ll0K 

Figure 9. - Calculated rate con- 
s t a n t s f o r H 2 + O - O H t H  
reaction i n  presence of excess 
molecular oxygen. 
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Figure 10. - Oxygen atoms consumed by added 
ammonia. 
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(b) Temperature, 5700 K. 
Figure 11. - Measured relative stoichiometry for 

ammonia - atomic oxygen reaction; source of 
oxygen atoms, dilute molecular oxygen - argon 
mixture. 

Figure 12. - Changes in flow rates of atomic oxygen, molecular oxygen, and molecular hydrogen for 
ammonia - atomic oxygen reaction at conditions of normal temperature and pressure. 



0 .04 .08 

108 

l.4xlo$T4 -- 

. L  

I I 

Ratio 

(a) Temperature, -5690 K. (b) Temperature, -437O K. (c) Temperature, -325O K. 
Figure 13. - Changes in flow rates of molecular oxygen, molecular hydrogen, and water for ammonia - atomic 

oxygen reaction in terms of ion current. 
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Figure 14. - Rate constants for oxygen atom 
consumption due to added ammonia. NASA-CLEVELAND, OHIO E-2704 


